The effect of microstructure on corrosion of heat-treated Ti-15Mo alloys was investigated by Electrochemical impedance spectroscopy (EIS), Field emission scanning electron microscopy (FE-SEM), Transmission electron microscopy (TEM) and Energy dispersive X-ray analysis (EDAX). The sample subjected to solution heat treatment (ST) had a single phase and samples subjected to aging heat treatment at 600 C had phase precipitation in phase. EIS results showed that the corrosion resistance of the aging heat-treated samples was lower than that of the ST sample, but much higher than that of pure Ti in 10% NaCl solution of pH 0.5 at 97 C. Laser micrographs and depth profile of the heat-treated samples indicated that phase at the grain boundary and in the grain was selectively corroded and caused selective dissolution in NaCl solution. The results of TEM combined with EDAX showed that the Mo content was 18 mass% in the phase and 0.8 mass% in phase. Hence, less Mo phase was selectively corroded in the NaCl solution. Moreover, the sample which had continuous precipitation of phase had lower corrosion resistance than samples which had separated needle-shape phases in the base phase. Thus, it was also found that the form of precipitation of phase affected the corrosion of these alloys. Finally, it was concluded that it is possible to maintain the high corrosion resistance of heat-treated Ti-Mo alloy by controlling the microstructure of phase.
Introduction
Titanium alloys are widely used for structural applications, such as in chemical plants and the oil production industry. The widespread use of titanium and its alloys is due to their excellent mechanical properties and high corrosion resistance. However, titanium (Ti) is susceptible to corrosion attack when exposed to environments containing highly acidic solution at elevated temperatures. [1] [2] [3] In order to overcome this demerit of Ti, much attention has been paid to increasing the stability of the surface oxide film. Regarding the alloying design, noble metals such as Pt, Pd and Ru have been used to increase the corrosion resistance. These Ti alloys were found to have good resistance in acidic media, [4] [5] [6] [7] [8] but these alloys are rare and their costs are very expensive. It has been reported that alloying Ti with sufficient quantities of molybdenum (Mo) provides high corrosion resistance. 9, 10) Recently in our work, Ti-15 mass%Mo alloy was found to be highly corrosion resistant in highly acidic solution at elevated temperatures compared to a rare metal containing Ti alloy. 11, 12) In these papers it was found that Ti-15Mo alloy was able to have high resistance against the crevice corrosion in sea water at 100 C. Moreover, -phase type Ti alloy is an attractive alloy because it has high specific strength with excellent strength and high cold deformability. 13) It was found that by using Mo instead of rare metals, the corrosion resistance of Ti alloy could be increased. However, there have been no reports on the effect of microstructure on the corrosion of Ti-Mo alloys. In the case of welding, it is important to examine the effect of the microstructure of the heat-treated alloy on the corrosion. Moreover, the strength of Ti-Mo alloy can be increased by the precipitation of phase in the base metal. Hence, the present work examines the corrosion of heat-treated Ti-15Mo alloys in 10% deaerated NaCl solution of pH 0.5 at 97
C. The stability of the passive film and breakdown behavior were investigated at open circuit potential (OCP) by electrochemical impedance spectroscopy (EIS). The microstructure of the alloy was examined by field emission scanning electron microscopy (FE-SEM) and high resolution transmission electron microscopy (HR-TEM) in combination with energy dispersive X-ray (EDAX) analysis. Finally, the effect of microstructure on the corrosion of heat-treated Ti-15Mo alloys was discussed, since the alloys maintain a high corrosion resistance by controlling the microstructure of these alloys.
Experimental Method

Material heat treatment
Titanium alloy containing 15 mass% of Mo (Ti-15Mo) was made by arc melting for the present investigation. Different types of heat treatment procedures were carried out on the Ti15Mo alloy in order to research the effect of metal microstructure on the corrosion. The various heat treatments and the designations assigned to the samples are listed in Table 1 . All samples were subjected to solution treatment (ST) at 900 C for 1 h, and then water quenched (WQ). Sample H4 was subjected to ST only. Samples H3 and H3-2 were subjected to aging heat treatment at 600 C for 10 and 1 h, respectively. The TiCR-6 sample was subjected to cold rolling of 90% after ST, and then heat-treated at 600 C for 1 h. In order to examine the microstructure of the heat-treated alloys, the surfaces of all the samples were mechanically polished to a final level of 0.3 mm alumina powder and then etched in nitric acid and hydrofluoric acid (100 : 3 : 2 by volume).
Electrochemical measurement
The specimens were cut into 1:0 Â 1:0 Â 0:2 cm for the electrochemical experiments. These specimens were covered with epoxy resin so as to expose only one face to the test solution. The surface to be exposed was polished with SiC emery paper up to 1500 grit and used for EIS measurements. The electrochemical cell consisted of heat-treated Ti-15Mo alloy as working electrode, platinum as counter electrode and saturated calomel electrode (SCE) as reference electrode. The measurements were conducted in 10% NaCl adjusted to pH 0.5 at 97 C under the deaerated (Ar) condition. The test specimens were set in the electrolyte for 30 min to allow the potential to reach the steady state. All the EIS measurements were conducted by applying an amplitude of 10 mV and by scanning the frequency ranging from 20 kHz to 3 mHz. In order to examine the breakdown of the passive film on Ti-15Mo alloy, EIS measurements were conducted for the specimens immersed in the test solution for several days under open circuit potential (OCP) conditions.
Surface characterization
The heat-treated Ti-15Mo was analyzed by a laser microscope to investigate the depth profile after corrosion in the test solution. The precipitated phases of Ti-15Mo were analyzed using a field emission-scanning electron microscope (FE-SEM), with an applied voltage of 30 kV in combination with energy dispersive X-ray analysis (EDAX). High resolution transmission electron microscopic (HR-TEM) observations were carried out to examine the nanostructure of samples which were prepared by ion beam milling. By using an energy dispersive X-ray analysis (EDAX), the chemical composition around the precipitated phase was measured. Figure 1 shows the microstructures of Ti-15Mo alloy samples after the aging heat treatments. As for the sample H4 which was subjected to only solution treatment (ST), the microstructure consists of relatively large grains of a single phase with an average grain size of 100 mm ( Fig. 1(a) ). However, in the case of samples H3 and H3-2 which were subjected to the aging heat treatment at 600 C, a needleshaped phase was precipitated in each phase grain as shown in Fig. 1(b) and (c). The phase was also present as a continuous film growing towards grain boundaries. Lenain et al. and Gil et al. 13, 14) showed that a larger phase grain leads to a smaller width of plates. Our results are in agreement with those of their study, as shown in Fig. 1(b) and (c). The TiCR-6 sample, which was subjected to 90% cold rolling before aging at 600 C, showed the double phases of and uniformly distributed within the microstructure ( Fig. 1(d) ).
Results and Discussion
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measurement In order to confirm the effect of microstructure on the corrosion resistance, EIS measurements were carried out for heat-treated samples in deaerated 10% NaCl of pH 0.5 at 97 C. Each EIS spectrum comprises two resistance components and one capacitance component in Fig. 2 . The resistance in high frequency region is thought to be the solution resistance, and that in low frequency region is the oxide film one. Also the film capacitance is thought to be shown in an EIS spectrum. 11, 12) These results show that all samples are passivated, and show high corrosion resistance even in a severe condition of 10% NaCl of pH 0.5 at 97 C. Among the samples, the sample H4 with ST shows the highest value of oxide film resistance (R t ) at 3 mHz of 6600 ohmÁcm 2 . The samples H3, H3-2 and TiCR-6 exhibit higher values of R t of 2800, 1900 and 1700 ohmÁcm 2 respectively. These behaviors show that microstructures of alloys affect the corrosion resistance, although all samples can be kept in the passive state. On the other hand, the sample A5 of pure Ti shows the lowest value of 120 ohmÁcm 2 , indicating the active dissolution of base metal. In this way, aging heat-treated Ti-15Mo shows a much higher corrosion resistance than pure Ti, but a lower value than that of the ST sample.
It is important to investigate the stability of the passive film over a longer duration for the Ti-Mo alloys that have second phase. Hence, all the samples were passivated at +500 mV for 1 h, and then kept at the OCP in the above test solution for 7 days. The OCP was monitored during the experiment and EIS measurements were carried out after 1, 3, 5 and 7 days of immersion. Figure 3 shows the OCP decay of samples for day 7 after passivation for 1 h in test solution: H3, H3-2 and TiCR6 show OCP values of À0:21 V, À0:33 V and À0:35 V respectively. However, the sample H4 with ST shows the highest value and reaches a passive potential of À0:020 V after 7 days. This behavior indicates that the ST sample of only phase has a higher corrosion resistance than all the others. Moreover, the sample A5 of pure Ti shows the lowest value of À0:72 V, which indicates the active dissolution of metal. Thus, heat-treated Ti-15Mo alloy shows much higher corrosion resistance than pure Ti. Figure 4 shows the EIS spectra of heat-treated Ti-15Mo samples in 10% NaCl of pH 0.5 at 97 C. All samples show two resistances and one capacitance, and very high impedance values in the low frequency region during the 7 days. This fact indicates that the resistance in low frequency region is the oxide film resistance, and the film capacitance is shown in an EIS spectrum. Thus all samples are thought to be able to keep the passive state in the sever condition. Figure 5 shows the corrosion resistance (R t ) at 3 mHz in EIS spectra on different days in Fig. 4 . The R t value for the sample H4 with ST is found to be 30,300 ohmÁcm 2 , which is much higher than those of the other heat-treated samples. This result confirms that the passive film formed on the sample H4 with ST is stable even in highly acidic chloride solutions at high temperature. On the contrary, the samples H3, H3-2 and Ti-CR6 showed the lower R t values of 5600, 1370 and 910 ohmÁcm 2 after 7 days. Moreover, the corrosion resistance of heat-treated Ti-15Mo samples was in the order of H4 > H3 > H3-2 > Ti-CR6 throughout the immersion period. These results indicate that the corrosion resistance (R t ) is decreased by the second phase in the structure of Ti-15Mo alloys in highly acidic chloride solutions. Figure 6 shows laser micrographs of the surfaces of heat-treated Ti-15Mo alloy samples after different days of immersion in 10% NaCl of pH 0.5 at 97
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C. The surface of the sample H4 with ST is not affected even in the highly acidic condition after 7 days, although not shown in Fig. 6 . However, samples H3 and H3-2 in Fig. 6 (a) and (b) are highly corroded at the grain boundaries as well as in the grains of phase. These behaviors are thought to be related with the selective dissolution of phase in the microstructure. In the case of the sample Ti-CR in Fig. 6(c) , the surface is uniformly corroded because its microstructure is composed of fine grains of and phases.
Laser micrographs and the depth profile of the heat-treated Ti-15Mo alloy (H3-2) after 7 days of immersion are shown in Fig. 7 . The microstructure shows that the phase of the base metal remains unaffected, while the phase is affected by corrosion predominantly at the grain boundaries. The depth profile is in the depth range from position A to B, showing a depth of 7.72 mm at the grain boundary where phase is mainly precipitated. Thus, phase is selectively corroded in highly acidic chloride solution.
In order to elucidate the precipitated phase in the grains and at the boundaries in more details, SEM and TEM with EDAX were used to identify the form and elemental composition of microstructure. SEM-EDAX mapping analysis of the heat-treated sample H3-2 was carried out and is shown in Fig. 8 . The mapping shows the elemental compositions of Ti and Mo around the phase. Although the distribution of Ti is not clear, the content of Mo in phase is less than that in the base metal.
TEM bright field images for the sample H3-2 are shown in Fig. 9 . The shape of phase is clearly needle-like and orientated in the same direction. Figures 10 and 11 show the line profile of the EDAX analysis around phases. The micrograph of Fig. 10(a) depicts the spot position of analysis, and typical EDXS spectra are shown in Fig. 10(b) and (c). Spot 1 of the base metal shows sharp peaks for Ti and Mo, however, spot 5 of phase shows a small peak for Mo. Figure 11 shows the elemental compositions of Ti and Mo in mass% corresponding to each spot in Fig. 10(a) . This figure clearly indicates a drastic drop in the mass% of Mo with the change from to phase. Actually, the EDX results reveal that there are phase of 18 mass% of Mo and phase of 0.8 mass% of Mo forming the structure in H3-2. Thus, Mopoor phase was selectively dissolved in the corrosive solution in the experiment.
Corrosion mechanism of heat-treated Ti-Mo alloys
Surface analysis showed that heat-treated Ti-Mo alloys had Mo-rich phase and Mo-poor phase in the metal structure. Thus, a micro-galvanic couple consisting of Mopoor phase and Mo-rich phase is formed, and the active part of the phase is highly susceptible to corrosion. Hence, in Fig. 6 corrosion preferentially occurred at the grain boundaries where phase was mainly precipitated in the samples H3 and H3-2. Moreover, from the depth profile, phase was actually dissolved and caused selective dissolution at the grain boundary. In the case of sample H4 with ST, as this sample has only phase, susceptibility to corrosion is completely prevented. Compared with pure Ti, the Ti-Mo alloy samples which have phases show higher corrosion resistance. This behavior is explained by the fact that Mo-rich phase remains after the selective dissolution of phase and so corrosion resistance remains high. The precipitation form of phase is also thought to affect the corrosion. As sample TiCR-6 has fine , double phase, the Mo-poor phase is selectively corroded in the test solution. The sample TiCR-6, which has continuous precipitation of phase, shows lower corrosion resistance than samples H3 and H3-2 which have separate needle-shape phases in the base metal. These results are supported by the EIS behavior, laser microscopic studies and surface analysis. In summary, it is considered possible to maintain the high corrosion resistance of heattreated Ti-Mo alloys by controlling the microstructure of phase.
Conclusions
The effect of microstructure on the corrosion of heattreated Ti-15Mo alloys was investigated by EIS in 10% NaCl solution of pH 0.5 at 97 C. Laser micrographs and depth profile of heat-treated alloys were measured after the corrosion test, and TEM analysis was conducted to identify the relationship between microstructure and corrosion behavior of the alloys. The results were as follows:
(1) SEM micrographs detected relatively large grains of a single phase for the sample H4 with solution treatment (ST), and both and phases were observed for other samples which were subjected to aging heat treatment at 600 C.
(2) EIS results showed that the corrosion resistance (R t ) of alloys decreased with immersion period when subjected to corrosion at high temperature. The aging heat-treated samples of Ti-15Mo alloys showed the lower corrosion resistance than the ST sample, but much higher than pure Ti. (3) Laser micrographs and depth profile of heat-treated alloys showed that phase at grain boundaries and in the grains was selectively corroded and caused pitting after the corrosion test. (4) TEM analyses showed that the Mo content was as high as 18 mass% in the phase compared with 0.8 mass% in the phase. Hence, Mo-poor phase was selectively corroded in the NaCl solution. Thus, the ST sample of only phase showed the highest resistance, and aging heat-treated samples containing phase (0.8 mass% Mo) showed higher values than pure Ti in the corrosion test. (5) The sample TiCR-6, which had continuous precipitation of phases, had lower corrosion resistance than the samples H3 and H3-2 which had separated needleshaped phase. Thus, it was found that the precipitation form of phase affected the corrosion. (6) Finally, it was concluded that it was possible to maintain the high corrosion resistance of heat-treated Ti-Mo alloys by controlling the microstructure of phase. 
